Diffuse reflectance near infrared hyperspectral imaging is an important analytical tool for a wide variety of industries, including agriculture 1, 2 , consumer products, chemical 3 and pharmaceutical development and production 4, 5 . Using this technique as a method for the standoff detection of explosive particles is presented and discussed. The detection of the particles is based on the diffuse reflectance of light from the particle in the near infrared wavelength range where CH, NH, OH vibrational overtones and combination bands are prominent.
INTRODUCTION
Increased security measures due to the continuous threat of terrorist activities have placed strong demands on the development of new technologies to detect explosive materials. In addition to airport screening, seaports across the world are increasing their screening of cargo containers for suspicious cargo, and first responders are in constant need of improved technologies may come upon a suspect package or powder. 6 A number of screening technologies are available for detecting explosives. 7 The most prevalent method used at airports is the ion mobility spectrometer (IMS). This method works by swiping the baggage with a filter or some type of collection membrane and thermally desorbing the residue in the IMS instrument. Although this technique is fast and relatively reliable, its inherent weakness is that it requires that a particle be collected on the swipe. In this study we describe a system capable of acquiring images of an area and highlight particles or materials that could be suspect materials based on spectral signatures. The initial scope of this study was to demonstrate the performance potential of this technique for advanced screening with the possibility of identification of materials based comparisons to a predetermined library. The primary objectives of the current effort is to demonstrate that NIR imaging is capable of highlighting explosive materials and determining approximately what the limits of detection are for minimum particle size.
Near infrared (NIR) spectroscopy measures the absorption of light by molecules in the wavelength range from 700-2500 nm. The predominant absorption features are due to the CH, OH, NH vibrational overtones and combination bands. Since many energetic materials contain these groups, they will have unique spectra in the NIR and thus, it should capable of identifying many explosives.
We present and compare performance of two HyperSpectral instruments:
A conventional NIR imaging instrument which utilizes a broad band light source to illuminate the samples and a Liquid Crystal Tunable Filter (LCTF) to select the wavelength band recorded by the NIR camera. A system that utilizes a tunable OPO laser to illuminate the target with a very narrow wavelength light source that is tunable over a wide range of wavelengths without the need for an additional filter.
Both systems operate in a stare down mode, where the image of a stationary sample is acquired in consecutive frames, each at a different wavelength. The same NIR camera is used by both systems to record the Hyperspectral cube.
MATERIALS AND METHODS
Spectra were acquired with two systems; one incorporates a broadband illumination with tunable filters, and the other utilizes a tunable laser (OPO) to illuminate the target.
Sample Preparation
Samples were analyzed by placing the powders or crystals on to a cellulose based swipe material with no additional preparation required. Dimethyl dinitrobutane (DMNB), diphenylamine (DPA) and sugar were from Sigma Aldrich. The explosive materials, 2,4,6-trinitrotoluene (TNT), 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), and pentaerythritol tetranitrate (PETN) were acquired from XM Materials as non-explosive training aids for canines at 8% (TNT, RDX) and 4% (PETN) by weight on silica.
NIR reference spectra
The reference spectra were acquired using an Analytical Spectral Devices Inc. Labspec Pro NIR spectrometer which has a tungsten halogen light source and 3 detectors to cover the spectral range from 350 -2500 nm. Fiber optic bundles were used to transmit the light to and measure the reflected light from the sample. Spectra were scanned in 1 nm steps with a spectral resolution of approximately 10 nm.
Imaging with broadband illumination and LCTF
The NIR imaging system assembled at Lawrence Livermore National Laboratories (LLNL) consists of a broadband light source to illuminate the target (scene) where Liquid Crystal Tunable Filters (LCTF) are placed between the camera and the target to select the wavelength band that was collected by the NIR camera Figure 1 .
The NIR camera is a temperature stabilized InGaAs focal plane array (AlphaNIR, Indigo Systems Inc., Goleta, Ca) of 320 x 256 elements that is sensitive to light from 400-1700 nm. The liquid crystal tunable filter (MIR-20, CRI Inc. Woburn, MA) 20 nm bandwidth, ~50% transmission at each wavelength setting and is tunable from 900-1800 of the FPA has different sensitivities compared to its neighbors. The recorded data has to be independent of the location of the sample in the camera's FOV. Therefore, spatial non-uniformities of the illumination, the lens and the camera have to be corrected. The correction technique is straight-forward. A plate with a surface having uniform and calibrated reflectivity is placed on the target area such that it fills the entire FOV of the camera. The camera is then directed by the control software to collect a series of "dark" frames followed by a series of frames taken while the plate is illuminated by the laser light. The "dark noise" and the illumination at each pixel are recorded and stored to serve as a calibration matrix. Since the reflectivity of the plate is uniform across the entire FOV the recorded data at each pixel factors in the non-uniformity of the illumination, the lens, and the FPA. The calibration matrix is valid for a given lens and illumination geometry.
The shape of illumination and the spectral response of the camera change with the illumination wavelength. Therefore, the calibration is performed at regular spectral intervals across the spectral range of the system. The calibration points are between 20nm to 50nm apart. Correction factors between calibration points are interpolated.
Non-Linearity Correction
A unique feature of the system is that the reflectivity of the target is presented in absolute values, which are system independent. This is achieved by correcting the recorded signals for variations in the illumination intensity and nonlinearity of the camera's response.
These corrections are done in real time for each recorded frame using the reflected signal collected from four calibration disks that are embedded within the FOV of the camera. The software assigns the known absolute reflectivity of each disk to the signal value (counts) averaged over the disk surface. The software then uses these values to generate a calibration curve to correct for fluctuations in the illumination intensity as well as for the non-linearity of the camera.
Data Collection
The system has two scan modes: Standard-Scan and Fast-Scan. Standard-Scan is designed to obtain the best signal-tonoise ratio using multiple-frame averaging. This scan is typically used to record the spectra of pure material which is used as reference (library). Fast-Scan is optimized for speed with 20 images recorded per second, each at a different wavelength In Standard-Scan mode, the operator specifies the starting and ending wavelengths within the range, the step size, or spectral resolution (in nm), and the number of frames to be recorded at each wavelength.
In Fast-Scan, the operator specifies the starting and ending wavelengths and the approximate step size (spectral resolution) as in the Standard-Scan. When the scan is initiated the laser is tuned to the starting wavelength and then it tuned continuously towards the ending wavelength. The laser fires continuously during the scan at 20 pulses per second and the camera records every pulse. During the scan, a spectrometer (USB4000, Ocean Optics, Dunedin, FL) records the actual wavelength of each pulse in real time.
The number of recorded frames is approximately equal to the scanned wavelength range divided by the desired step size, and the duration of the scan is the number of frames divided by 20 (the pulse repetition rate of the laser). e.g. a scan from 1000nm to 1700 nm with a 2 nm resolution will generate 350 data points (frames) and will be completed in 17.5 seconds.
RESULTS AND DISCUSSION

Data Obtained with the LLNL System
Diffuse reflectance spectra for three different common explosive materials, TNT, PETN, and RDX, are presented in Figure 4 . The spectra were acquired with the NIR spectrometer and the data are presented limited to the wavelength range achievable with the NIR camera system. A library of these spectra was developed and principal component analysis was used to identify unknown materials. Each spectrum is unique and there are common peaks at approximately 1650 nm due to C-H vibrational overtones that appear in the explosive spectra but not in the spectra of other materials studied. Although, other materials could have absorption in this range, 1650 nm could be considered as one of the primary discriminating wavelengths when using NIR imaging as a screening technique. Figure 5A , the image at 1400 nm was referenced against 1100 nm and the TNT particle is not visible since there is no significant absorption at either wavelength. Figure 5B and 5C, use an absorption band of TNT at 1650 nm referenced against 1600 nm or 1100 nm, respectively, that clearly highlight the particle. One of the goals of these tests was to estimate minimum detectable particle size. Many factors including field of view, distance from the detector, light source, background reflectivity, and discrimination from other particles need to be considered in determining a LOD. TNT was selected as a representative explosive for the LOD study and sugar was included as a neutral material to discriminate against. .5
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Figure compares the diffuse reflectance spectra of these two materials. Both materials have relatively strong absorption bands at 1650 nm, however, TNT could easily be discerned from the sugar using a relatively short wavelength scan. With a field of view (FOV) of 5" x 6" and a standoff distance of 3', particles of TNT could be spectrally discerned from the sugar. The particles were between 200 μm and 1 mm diameter, which is near the spatial resolution for the 256 x 320 focal plane array camera. These results were repeated with a telephoto lens at a distance of 10', however, the light source was kept at a distance of 3' and the intensity increased. With the larger lens, the spectral range was limited to 100 nm due to more significant chromatic aberrations.
Data Obtained with the HySPEC
A second objective of the tests was to investigate the detection of explosives and explosive related materials on swipe. These tests were conducted with the HySPEC, taking the advantage of the high spectral resolution and the fast acquisition time. The spectra of a swipe material, a tagging agent material (2,3 Dimethyl 2,3 Dinitrobutane, DMNB), a stabilizer (diphenylamine , DPA) are presented in Figure . The spectra were recorded at 1 nm resolution, which is significantly higher than the spectra collected with the previous system. The first test was to try to detect DPA by itself. A crystal of DPA was crushed with the tip of a toothpick. The small particles of DPA that were stuck to the toothpick were deposited on to a thin strip, 5 mm wide, of the swipe material by wiping the toothpick on the swipe. Principle Component Analysis (PCA) was used to locate the particles of DPA. These particles show up as PC2 capturing 2.66% of the variance in Figure . The second test was to try to detect DMNB by itself. Using similar technique as describe above, a small amount of DMNB was deposited on to a thin strip of the swipe. The results of the PCA are shown below. The DMNB showed up as PC3 capturing 1.37 of the variance, as presented in Figure . The next set of tests was directed to detection of explosives. The spectra of pure TNT, RDX, and PETN are presented in As can be seen in the spectra, these materials have relatively sharp peaks around 1700 nm. The high resolution of the HySPEC system provides more detailed spectra compared to the data presented in Figure . The improved spectral resolution will provide a better ability to discriminate against other materials and should lead to improved limits of detection.
Small particles of these explosives were placed on swipe. The weight of each material was measured with analytical balance having a minimum measurement level and resolution of 0.1 mg. Spectral images were taken with 1 nm resolution and analyzed with PCA. 
CONCLUSIONS
We have demonstrated that near infrared imaging can be a valuable tool for screening and potentially identifying explosive particles. The current limits of detection (LOD) demonstrated are rather high but we have not reached yet the detection limits. There is a direct correlation between the LOD and the time it takes to complete the tests. Future studies are planned to investigate the LOD for different explosives as while minimizing the acquisition time.
Improvements in hardware will also be considered. InGaAs FPA cameras have already improved to 640 x 512 elements and are expected to continue to improve. Extending the wavelength range to 2400 nm will enable better spectral discrimination from background or more positive identification. Focal plane arrays made with HgCdTe (MCT) detector provide excellent response out to these longer wavelengths will be tested.
In addition to the experimental improvements, there are a number of fundamental studies that should be investigated to determine the ultimate limitations of NIR imaging spectroscopy. A broader more fundamental determination of detection limits that relates the minimum particle size (diameter and thickness) and the absorption and scattering properties of the material could be determined. One of the key tests of performance will be to determine how well explosive particles can be discriminated from common background materials. Further evaluations should explore how well explosives can be detected on different materials, e.g. clothes, packaging material, soil, and vegetation. Ideally an explosive detection/screening system will be able to respond in real time. The optical configuration, number of wavelengths interrogated, and signal processing algorithm needed to provide a satisfactory response would have to be redesigned to provide real time information.
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